Ventricular myocytes are continuously exposed to fluid shear in vivo by relative movement of laminar sheets and adjacent cells. Preliminary observations have shown that neonatal myocytes respond to fluid shear by increasing their beating rate, which could have an arrhythmogenic effect under elevated shear conditions. The objective of this study is to investigate the characteristics of the fluid shear response in cultured myocytes and to study selected potential mechanisms. Cultured neonatal rat ventricular myocytes that were spontaneously beating were subjected to low shear rates (5-50/s) in a fluid flow chamber using standard culture medium. The beating rate was measured from digital microscopic recordings. The myocytes reacted to low shear rates by a graded and reversible increase in their spontaneous beating rate of up to 500%. The response to shear was substantially attenuated in the presence of the β-adrenergic agonist isoproterenol (by 86 ± 8%), as well as after incubation with integrin-blocking RGD peptides (by 92 ± 8%). The results suggest that the β-adrenergic signaling pathway and integrin activation, which are known to interact, may play an important role in the response mechanism.
INTRODUCTION
The present study is designed to explore the response to short-term fluid shear in a well-established model of spontaneously contracting isolated neonatal rat ventricular myocytes (NRVM). We provide evidence that the myocytes respond to low shear rates with a reversible and graded increase in their spontaneous beating frequency, and that the underlying mechanism may be mediated by both an integrin-dependent and a β-adrenergic signaling pathway.
As with most other cell types, cardiac myocytes are exposed to fluid shear in vivo. Myofiber shortening during contraction causes ventricular wall thickening and relative movement of laminar sheets of myocytes, which gives rise to fluid shear between the fiber sheets (1) . Fluid shear in the myocardium probably also occurs in the interstitium between individual myocytes within fiber sheets because of relative motion. This mechanical stimulus on the cell membranes may play an important role in the physiological or pathological function in cardiac myocytes, similar to other cell types. In various other cell types, exposure and adaptation to fluid shear has been extensively studied. Examples of these include adjustments in shape and orientation in vascular endothelial cells (2) , alignment in smooth muscle cells (3) , pseudopod retraction or projection in leukocytes (4, 5) , upregulation of prostaglandin production in osteocytes (6) , induction of platelet aggregation (7) , and increased calcium influx in kidney epithelial cells (8) . Various cellular components have been proposed to play a role in mechanotransduction of fluid shear in these cell types. In endothelial cells alone, they include potassium ion channels and stretch-activated channels, integrins and the cytoskeleton, G protein activation, and indirect signaling molecules such as nitric oxide (reviewed in Davies, 1995 [9] ). In contrast, a response to
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Myocytes to Short-Term Fluid Shear fluid shear in cardiac myocytes has only recently been suggested (10) , whereas most studies of mechanotransduction in ventricular myocytes have focused on stretch as the mechanical stimulus (11) (12) (13) . Our preliminary observations have shown that isolated NRVM increase their spontaneous beating rate when exposed to low shear (5-50/s or 50-500 mdyn/cm 2 ). We estimated the approximate amount of shear in vivo to be on the same order of magnitude, based on a model of parallel plates which represent the fiber sheets. The phenomenon was first observed in isolated embryonic mouse hearts, in which heart rate could be regulated by the amount of physiological solution flowing over its epicardium (14) . A recent study has also shown that propagating action potentials can be induced by fluid jet pulses in isolated cardiac myocytes (10) . Although ventricular myocytes in vivo do not contract spontaneously, and although the response to fluid shear in ventricular myocytes has thus only been directly observed in culture, the fundamental mechanism leading to this response is likely also present in vivo. It is therefore plausible that pathologically elevated interstitial fluid shear in the myocardium, which may occur in hypertrophy and heart failure because of detachment of myocytes from the extracellular matrix and ensuing myocyte slippage (for review, see Paul, 2003 [15] ), could cause various abnormalities in myocyte mechanotransduction and mechanoelectric feedback. Particularly interesting is the idea that the mechanism underlying the response to fluid shear, under elevated shear conditions, could spark ectopic action potentials and lead to arrhythmias.
MATERIALS AND METHODS

Cell Culture
Primary cultured myocytes were prepared from ventricles of neonatal (1-2 d old) Sprague-Dawley rats using a standard isolation kit (Cellutron Life Technology, Highland Park, NJ). Briefly, 30 neonatal rats were decapitated, their hearts quickly excised and trimmed to remove atrial tissue. The ventricles were gently stirred for 20-min periods in digestion buffer at 37°C. The cell suspension was centrifuged at 250g for 1 min, the supernatant discarded and the pellet cells resuspended in buffer solution. The cycle was repeated a total of five times or until all of the tissue was digested. The cells were preplated in uncoated plates for 1-2 h at 37°C to reduce the contamination of cardiac fibroblasts. The cardiac myocytes were collected and plated on microscope slides coated with SureCoat (a combination of collagen and laminin, Cellutron Life Technology, Highland Park, NJ) at a plating density of 8-9 × 10 4 cells/cm 2 , and cultured in plating medium containing 15% serum (horse and fetal bovine). The plating medium was exchanged after 24 h with standard culture (control) medium containing 6% serum. The culture was allowed to incubate for 7 d on average, after which the cells had spread to a monolayer and were beating spontaneously and synchronously at a stable rate.
Laminar Flow Assay
The glass slides with attached myocytes were assembled into a parallel plate flow chamber apparatus with dimensions of 1.38 cm × 7.62 cm × 127 µm. The height of the flow chamber was set by placing a silastic gasket between the slide and the upper lid of the chamber. The narrow slots at input and output ports allowed medium flow to be introduced as a uniform laminar flow field over the entire width of the chamber. Myocytes were sheared for a duration of 3-5 min by introducing medium into the flow chamber apparatus using a mechanical syringe infusion pump (Harvard Apparatus, Holliston, MA), which allowed step changes in flow rate. The time to reach steady-state flow was estimated to take approx 5 s. The chamber as well as bath and flow medium were equilibrated to a temperature of 36 ± 1°C before beginning the flow protocol.
The response to different amounts of shear was tested in control medium and in medium containing (in separate experiments) Ficoll type 400, streptomycin sulfate, isoproterenol, propranolol (all from Sigma, St. Louis MO), RGD-containing peptide (GRGDSP) and PKI peptide (Calbiochem, San Diego, CA), RGE-containing peptide (GRGESP, AnaSpec, San Jose, CA), and in serum-free medium. Before each intervention, the shear response in control medium was measured in the same group of myocytes because of a high variability in the magnitude of the response between individual myocytes cultures. (Some PKI, propranolol, and Ficoll experiments were performed in reverse order.) For the same reason of variability, the shear rate was adjusted to the response of the particular culture in some cases, thus leading to different magnitudes of shear for different series of experiments. The necessary medium changes during the experiments were introduced by infusing at least twice the chamber volume of new medium, thereby shearing the cells. After each medium change, the beating rate was allowed to stabilize for 10-15 min before repeating the shear protocol. Although both the baseline beating rate and the magnitude of response were highly variable between cultures, they were verified in some cases to be consistent across the slide.
Beating Rate Measurements
Myocyte beating rates were determined by using a pixel value thresholding algorithm. First, a rectangular region of interest of the microscopic image was selected in the frame grabber software. A movie of 10-s or 1-min length was recorded at 10 frames/s and compiled into a stack of digital images (TIF format). The algorithm was used to construct an M-mode image of the stack by mapping selected pixels from each image over time. From this M-mode map, the location with the greatest contrast in pixel value was determined and used to calculate the beating rate. The halfway point between the maximum and minimum pixel value at that location was determined and used as a threshold to establish whether the cells had contracted. The number of contractions in the M-mode image was thus counted and the average beating rate calculated.
Statistical Analysis
All data are expressed as means ± SEM. Repeated measures analysis of variance (2-by-2 or 2-by-3: two media by two or three shear rates) was performed to compare the response with shear before and after medium change. Differences at p < 0.05 were considered statistically significant. Statistical power for nonsignificant differences was calculated for a 50% difference except where stated otherwise.
RESULTS
Characteristics of the Fluid Shear Response
NRVM respond to small magnitudes of fluid shear stress by increasing their spontaneous beating rate (Fig.  1A) . The increase of contraction frequency with shear is clearly evident. As seen in Fig. 1A , myocytes typically did not reach complete relaxation as the contractions accelerated, leading to a decrease in shortening amplitude. A representative time course of beating rate with subsequent exposure to shear rates of 2.3-9/s is depicted in Fig. 1B , showing the typical reversible and graded response to fluid shear. . Because shortening was measured as relative light diffraction intensity from randomly oriented myocytes, the unit is arbitrary. As the beating rate increased, the myocytes became unable to relax completely, leading to a diminished amplitude of shortening. (B) Representative changes in spontaneous beating rate from different shear rates (2.25, 4.5, and 9/s) in cultured ventricular myocytes. The response is consistent, reversible, and graded by the magnitude of shear.
In general, the magnitude of the response was consistent in the same culture of myocytes but could differ between cultures. On average, in 10 experiments, the relative increase in beating rate amounted to 80 ± 14% at a shear rate of 45/s and could reach up to 500%. The initial beating rate in unsheared myocytes was also variable between cultures (25-140 bpm, on average 67 ± 30 bpm). Because of the variability in the data, we chose to perform a control test (shear in control medium) for each experiment, before or after the intervention. In many myocyte cultures, the beating rate increased to such high frequencies with shear (>220 bpm), that shortening ceased below resolution of measurement and the contractions became undetectable.
As Fig. 1B shows, the absolute increase in beating rate was relatively insensitive to the amount of shear, whereas the rate of increase in beating rate changed several-fold, which was also most consistent between cultures. We thus represent the response as the rate of increase in beating rate, measured as the slope of the beating rate between the onset of shear and the maximum beating rate during shear (usually after 3-5 min).
The culture media we used are Newtonian fluids with constant viscosity. Therefore, shear stress equals shear rate multiplied by viscosity. To test whether the myocytes responded to shear stress or to shear rate, we compared their response to shear with media of different viscosity. Medium with a 2.5-fold increased viscosity compared to control medium was produced by adding the nonreactive macromolecule Ficoll to the medium (0.1 nM). Figure 2 shows that addition of Ficoll did not produce an increase in the response (p = 0.50, n = 6), although shear stress was elevated 2.5-fold at the same shear rate. The power for these experiments was sufficient to detect a twofold increase in the response. This evidence suggests that NRVM are sensitive to changes in shear rate rather than shear stress.
It is conceivable that the myocytes would raise their beating frequency simply because of an increased oxygen supply to the myocytes during shear in the enclosed chamber. To test this idea, we measured the oxygen concentration in the chamber using a microdissolved oxygen probe (Lazar Research Laboratories, Los Angeles, CA) during the shear protocol. There was a minimal continuous loss of oxygen (2.5%/h, n = 4) that did not correlate with the shear rate, suggesting that the stimulus of the shear response is not dependent on oxygen concentration in the myocytes' immediate environment.
We also performed tests on cultured myocytes to examine the fluid shear response, in this case with fluid flow through a micropipet directed over the top of the cells as described by Moazzam et al. (4) . Thus the fluid flow distribution was radial, exposing the center myocytes to the maximum amount of shear, which was on the same order of magnitude as the maximum laminar shear in the flow chamber. Spontaneously contracting cells were prepared as described for the flow chamber experiments and imaged for contractile rate changes from nonhomogeneous fluid flow on the top surface of the cells. Changes in rate were similar to those reported here with the shear chamber. Thus a paracrine phenomenon is unlikely to be the cause of the increase in contractile rate.
Possible Mechanism
To explore possible mechanisms for the fluid shear response, we first hypothesized that stretch-activated channels may mediate this process. We tested this hypothesis by exposing the cultured myocytes to fluid shear in the presence of streptomycin (Fig. 3) . Streptomycin was added to the medium as an antibiotic but is also commonly used to block mechanosensitive channel currents at concentrations higher than 40 µM. After incubation with medium containing 70 µM streptomycin, the response to shear was comparable to the response in medium not containing the antibiotic (Fig.  3 , n = 3, p = 0.40, power >0.95), suggesting that the shear-induced effect is not dependent on stretch-activated channels.
We further examined the fluid shear response in the absence of serum in the medium. Several different Fig. 2 . Effect of viscosity changes on the shear response. The viscosity was increased 2.5-fold by addition of the macromolecule ficoll (0.1 nM), resulting in higher shear stress at the same shear rate. For instance, at a shear rate of 9.0/s, shear stress amounted to 90 mdyn/cm 2 in control medium and to about 225 mdyn/cm 2 with added Ficoll. The rate of shear response was not significantly affected by the increase in viscosity (n = 6).
serum-free media, containing NaHCO 3 or HEPES as a buffer and containing different amounts of amino acids were compared with control medium (Fig. 4) . In all serum-free media, the response to shear was almost completely abolished and indistinguishable from noise (p = 0.004, n = 4). This indicates that a component in the serum is required for the increase in beating rate with shear or may induce the response itself. Figure 5A shows a representative response of the beating rate to shear in NRVM in the absence and presence of the nonspecific β-adrenergic agonist isoproterenol. After incubation with isoproterenol, when the contraction rate had risen to a higher level, the response was diminished. On average, the myocytes showed a significantly blunted response at two different shear rates in the presence of isoproterenol (1 µM) compared with shear by control medium (p < 0.01, n = 6, Fig. 5B ). This seems to suggest that the shear pathway and β-adrenergic pathway merge, but this does not necessarily have to be the case. Contraction rate could have been maximally increased by isoproterenol such that any further significant increase was not possible by any mechanism. However, this possibility is ruled out by the observation that in all individual experiments (e.g., Fig. 5A ), the maximum beating rate during shear in control medium (or during wash-in of isoproterenol, not shown here) exceeded the highest beating rate during shear in isoproterenol-containing medium. Therefore, the maximum beating rate had not been reached with isoproterenol, confirming that the shear pathway does not function separately from the β-adrenergic pathway.
Next we tested whether β-adrenergic receptors themselves may be involved by exposing NRVM to shear after incubation with the nonspecific β-blocker propranolol (Fig. 5C ). Propranolol (1 µM) did not significantly affect the response to shear (p = 0.1, n = 5, power = 0.8 for 60% decrease), suggesting that β-adrenergic receptors are not required to elicit the shear response and that a possible overlap of the pathways must occur further downstream. PKA activation does not appear to be required in the response, because application of the PKA-inhibiting peptide PKA (5 µM), the response to shear was not significantly affected (n = 4, p = 0.6, power = 0.95, Fig. 5D ).
Finally, we tested the hypothesis that the response to shear may be integrin-mediated by blocking β-integrins using RGD peptides. After incubation with 100 µM RGD peptide, the response to shear was nearly abolished (p < 0.001, n = 5), indicating that integrins may play a central role in the signaling process (Fig.  6A) . We observed that the myocytes tended to detach from the slide after long incubation with RGD peptide (>1 h), suggesting that the peptide was beginning to replace adhesion sites on the slide coating. The nonintegrin-binding control peptide RGE (100 µM) did not block the response to shear (Fig. 6B) and even led to a slight increase in the response (p = 0.6, n = 5, Fig. 3 . Effect of streptomycin on the shear response. Myocytes were incubated with the stretch-activated channel blocker streptomycin (70 µM) and exposed to shear. Streptomycin did not significantly affect the rate of response to shear at either shear rate compared with control medium (n = 3). Fig. 4 . Effect of serum-free medium on the response to shear. Myocytes were exposed to shear with control medium and serum-free medium. The increase in beating rate with shear was nearly abolished at both shear rates in the absence of serum compared with the control medium (n = 4). Asterisks denote statistical significance from control (p < 0.05). power = 0.8), further supporting the view that integrins may mediate the response to shear in NRVM.
DISCUSSION
We demonstrated in this study that spontaneously beating NRVM consistently respond to short-term fluid shear stress by raising their beating rate. This response was reversible and graded by the amount of shear and probably regulated by shear rate rather than shear stress. We showed that stretch-activated channels are probably not involved in the process, whereas the β-adrenergic signaling pathway and particularly β1 integrins may play an important role.
Spontaneous Beating in NRVM
The spontaneous beating of NRVM is a well-known phenomenon, with synchronous contractions beginning at about day 3 in culture, although the exact basis remains unclear. Loss of the inwardly rectifying potassium current I K1 appears to be a requirement for spontaneous beating (16) . Calcium transients in NRVM have been shown to be due mainly to extracellular Ca 2+ influx but not to Ca 2+ release from the sarcoplasmic reticulum in NRVM (17) . Additionally, the cardiac sarcolemmal L-type Ca 2+ channel, the Na + /Ca 2+ exchanger and the pacemaker (or funny) current I f , which is still present in NRVM after several days of culture (18) , have been implicated in providing the inward current to spark an action potential (19) (20) (21) (22) . Factors that can affect the spontaneous beating rate of cultured myocytes include the β-adrenergic pathway and the muscarinic cholinergic pathway, which change beating rate by regulating Ca 2+ influx through the L-type Ca 2+ channel (22) (23) (24) (25) . Our finding that the shear-induced increase in beating rate may be overlapping with the β-adrenergic pathway supports the view that an increase in the Ltype channel Ca 2+ current may also be responsible for the shear-induced response. However, our observation that the rate of change in beating rate is more consistent than the absolute increase seems to point toward a possible accumulative Ca 2+ current during shear (e.g., through the Na + /Ca 2+ exchanger operating in reverse mode, which is also affected by β-adrenergic stimulation). These possibilities will be tested in the future.
It is not clear why both the baseline beating rate and the shear response varied to a high degree. We speculate that fibroblast contamination may be responsible, because the number of fibroblasts in a myocyte culture has been shown to affect beating rate (26) . Although our current flow chamber system does not allow for simultaneous action potential measurements, this variation would have been of interest and could be performed in the future.
As a limitation of this study, it is possible that few pacemaker cells remained in the culture, which may be responding to the fluid shear instead of nonpacemaker ventricular myocytes. However, this is unlikely, because the effect can also be observed when shear is applied locally using a micropipet.
Fluid Shear In Vivo
The amount of fluid shear to elicit a response in myocytes is very low compared with other cell types. Typical shear stresses in other tissues are on the order of 10 to 30 dyn/cm 2 in bone and in large arteries (27, 28) , and up to 50 dyn/cm 2 in the microcirculation (29) . In the myocardium, we estimated the magnitude of shear stress in vivo to be almost three orders of magnitude lower, using a model of parallel plates that represent the fiber sheets. A distance between the fiber sheets of 10 µm and relative velocity of 50 µm/s during systole would yield a fluid shear stress of 50 mdyn/cm 2 . Therefore, the amount of shear stress applied in the present experiments is comparable to the estimated level in vivo and could lead to the demonstrated effects under elevated shear, such as is expected to occur in cardiomyopathy and heart failure due to detachment from the extracellular matrix and myocyte slippage (15, 30) . Interestingly, failing myocytes also show electrophysiologic characteristics that are similar to those in isolated neonatal myocytes and may thus harbor the mechanism of shear-induced depolarization. Namely, failing myocytes show a decrease in repolarization reserve from a reduction in several outward potassium currents including I K1 (31) (32) (33) , rendering them more susceptible to depolarization by leak inward currents. Additionally,
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Fig. 6. (A)
Effect of RGD peptide on the rate of response to shear. β1-integrin-blocking RGD peptide (100 µM) nearly abolished the shear response (n = 5) compared with control medium at both shear rates. The asterisk denotes a statistical difference (p < 0.05) from control. (B) Effect of RGE peptide on the response to shear. The non-integrinbinding RGE peptide (100 µM) was used as an additional control (n = 5) and did not have a significant effect on the beating rate increase at either shear rate. the pacemaker current I f reoccurs in hypertrophied rat ventricular cells, its density increasing with the severity of myocardial hypertrophy (34) . Taken together, these findings support the view that the shear-induced increase in beating rate may constitute a possible arrhythmogenic mechanism in heart failure.
Aspects of the Underlying Mechanism
The myocytes responded in the same way to laminar flow in the chamber and local radial flow introduced by a micropipette. In the flow chamber, downstream cells could be affected by second messengers, such as nitric oxide, produced by cells further upstream, whereas in a radial flow field, the center cells responded to flow of fresh culture medium over a part of their surface. Therefore, a paracrine effect is unlikely to be the cause of the increase in contractile rate; it appears that the mechanical fluid shear is responsible for the phenomenon.
NRVM appear to respond to shear rate rather than shear stress, because we did not find an increase in the rate of response with increased viscosity at the same shear rate. Most other studies of various cell types and their functions have reported shear stress sensitivity (35, 36) , although shear rate dependence was found in melanoma cell migration, which is also integrin related (37) . Compared with these studies, we used very low fluid shear rates, probably causing little or no shear strain in the myocytes. Therefore, the fluid shear response may not be mediated by shear deformation of the myocytes but may be induced by membrane receptors. This would be consistent with our finding that the response is not directly related to shear stress but shear rate. Furthermore, this supports the view that the chronotropic effect reported here in response to fluid shear may be based on a different mechanism than the mechanotransduction of large shear stresses, which are thought to be transmitted via collagen struts and the cytoskeleton.
Preincubation of the NRVM with isoproterenol, which increased the beating rate significantly but not maximally, considerably blunted the shear-induced response in beating rate. This suggests that the shearinduced increase in beating rate may be based on a increase in Ca 2+ current (perhaps mediated by the Ltype channel), similarly to the β-adrenergic pathway (25, 38) , and that both signaling pathways may overlap further upstream. The overlap appears to occur downstream of PKA because PKI did not block the shear response.
Our results also indicate that the shear response may be mediated by integrins, because the integrin-binding RGD peptides nearly abolished the effect, whereas nonintegrin-binding RGE peptides did not alter the response. Myocardium primarily expresses β1 integrin subunits that form heterodimers with various α-chains (for review, see ref. 39). Most of these receptors can bind fibronectin at its RGD sequence. Integrins are known to play an important role in mechanotransduction through processes that are similar to cell adhesion, including tyrosine phosphorylation of proteins at focal adhesion sites. Because β1 integrins in particular have themselves been linked to the L-type Ca 2+ channel (40), it is reasonable to hypothesize that the shear-induced increase in beating frequency is directly related to increased L-type Ca 2+ current. This would also explain the overlap between the shear response and the β-adrenergic pathway. In fact, several studies found evidence for cross-talk between the cellular processes controlling cell adhesion via integrins and β-adrenergic stimulation (41) (42) (43) , although it is not clear how or at what stage these signaling networks interact. These conclusions also agree with our finding that a component in serum is required for the shear response. We propose that fragments of the extracellular matrix present in the serum may bind to the unattached top surface of the NRVM and activate β1 integrins after shear. Other components of the serum that may have to be present to activate integrins are growth factors and cytokines. Further experiments are needed to identify the required components.
We attempted to block L-type channels using nifedipine to further test whether they may play a role in the shear effect. However, this caused the vast majority of cells to stop beating, which had also been observed in other studies. Different agents to block L-type Ca 2+ current and other Ca 2+ handling currents (such as via the Na + /Ca 2+ exchanger) will be used in future studies.
A recent study by Kong et al. (10) reported that action potentials in cultured NRVM can be triggered by fluid jet pulses. This phenomenon of mechanoelectric feedback may be related to the shear response described here in that both are electrophysiologic responses triggered by fluid shear stress. However, there are several major differences between our studies, suggesting that the types of fluid shear response we observed may not be related: propagation of action potentials in Kong's study is dependent largely on Na + current and, therefore, might not reflect the same sensitivity to shear stress. Furthermore, Kong's study was performed in serum-free medium that, as we have shown, greatly attenuates the shear response. This might also explain the much larger shear stresses needed by Kong. Finally in Kong's study, induction of action potentials was linked with stretch-activated channels and thus stands in contrast to our supposition.
